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(57) in a method for producing a positive electrode 
active material including a mixing step of mixing a plu- 
rality of substances to give a precursor and a sintering 
step of sintering and reacting said precursor obtained 
by said mixing step, in which these substances prove a 
starting material for synthesis of a compound repre- 
sented by the general formula Li x JVLP0 4 where x is 
such that 0 < x < 2, y is such that 0.8 < y < 1 2 and M 
includes at lest one of 3d transition metals,, a reducing 
agent is added in the above mixing step to said precur- 
sor to render it possible to prepare a positive electrode 
active material capable of reversibly and satisfactorily 
doping/undoping lithium. 
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% Description 

Technical Field 

[0001] This invention relates to a method for pro- 
ducing a positive electrode active material that is capa- 
ble of reversibiy doplng/undoping lithium, and a method 
for producing a non-aqueous electrolyte secondary bat- 
tery employing this positive electrode active material. 

Background Art 

[0002] Recently, with the marked progress in a vari- 
ety of electronic equipment, researches in a rechargea- 
ble secondary battery, as a battery that can be used 
conveniently and economically for prolonged time, are 
underway. Typical of the known secondary batteries are 
a lead battery, an alkali storage battery and a lithium 
secondary battery 

[0003] Of these secondary batteries, a lithium sec- 
ondary battery has advantages as to high output and 
high energy density. The lithium secondary battery is 
made up at least of positive and negative electrodes, 
containing active materials capable of reversibiy intro- 
ducing and removing lithium ions, and a non-aqueous 
electrolyte. 

[00O4] Currently, LiCoC0 2 is widely exploited as a 
positive electrode active material of a lithium ion sec- 
ondary battery having a potential of 4V with respect to 
the lithium potential. This LiCoC0 2 is of a high energy 
density and a high voltage and is an ideal positive elec- 
trode material in many respects. However, Co is local- 
ized in distribution and represents a rare resources, with 
the result that, if LiCoC0 2 is used as a positive elec- 
trode active material, the cost is raised, whilst stable 
supply is difficult. 

[00O5] Therefore, development of a electrode active 
material based on Ni, Mn or Fe, that is abundant in sup- 
ply and inexpensive, is desirable. For example, LiNi0 2 , 
based on Ni, has a large theoretical capacity and a high 
discharging potential. However, in a battery employing 
Lil\li0 2 , the LiNi0 2 crystal structure collapses with the 
charging/discharging cycles, so that the discharging 
capacity is lowered. On the other hand, UNi0 2 suffers a 
drawback or poor thermal stability. 
[0006] As an Mn-based electrode active material, 
there is proposed LiMn 2 0 4 having a positive spinel 
structure and a spatial set Fd3m. This LiMn 2 0 4 has a 
high potential of the order of 4 V, with respect to the lith- 
ium potential, which is equivalent to that of LiCoC0 9 
Moreover, the LiMn 2 0 4 is a highly promising material 
since it is easy to synthesize and has a high battery 
capacity. However, the battery constructed using 
LiMn 2 0 4 is deteriorated in battery capacity since Mn is 
dissolved in the electrolytic solution with the charg- 
ing/discharging cycles so that it is insufficient in stability 
or cycle characteristics. 

[0007] On the other hand, such a material having 



LiFe0 2 as a basic structure is being researched as an 
Fe-based electrode active material. Although LiFe0 2 
has a structure similar to that of LiCoC0 2 or LiMn 2 0 4 , it 
is unstable in structure and difficult to synthesize. 
s [0008] On the other hand, a compound having an 
olivinic structure as a positive electrode active material 
of the lithium secondary battery, such as, for example, a 
compound represented by the general formula 
Li x M y P0 4 , where x is such that 0 < x < 2, y is such that 
w 0.8 < y < 1 .2 and M contains at least one of 3d transition 
metals (Fe, Mn, Co and Ni), is retained to be a promis- 
ing material. 

[0009] It is proposed in Japanese Laying-Open Pat- 
ent H-9-1 71 827 to use e.g., LiFeP0 4 , amongst the com- 

15 pounds represented by the general formula Li x M v P0 4 , 
as a positive electrode of a lithium ion battery. This 
LiFeP0 4 has a theoretical capacity as large as 170 
mAh/g and contains one Li atom, that can be electro- 
chemically doped/undoped in an initial state, per Fe 

20 atom, and hence is a promising material as a positive 
electrode active material for the lithium ton battery. 
[0010] Conventionally, this LiFeP0 4 has been syn- 
thesized by sintering at a higher temperature of 800 C C, 
under a reducing environment, using a bivalent iron salt, 

25 such as iron phosphate Fe 3 (P0 4 ) 2 or iron acetate 
Fe(CH 3 COO) 2 , as an Fe source which proves a starting 
material for synthesis. 

[001 1] However, Fe 2+ is sensitive to a trace amount 
of oxygen contained in a synthesizing atmosphere and 

30 is readily oxidized to Fe 3+ . The result is that trivalent iron 
compounds tend to co-exist in the produced Fe 3 (P0 4 ) 2 
to render it difficult to acquire single-phase LiFeP0 4 . 
[0012] it is reported in the above Publication that an 
actual battery fabricated using the Fe 3 (PC 4 ) 2 synthe- 

35 sized by the above-described synthetic method has an 
actual capacity only as low as approximately 60 mAh/g 
to 70 mAh/g. Although the actual capacity of the order of 
120 mAh/g is subsequently reported in the Journal of 
the Electrochemical Society, 144,1188 (1997), it cannot 

40 be said that a sufficient capacity has been achieved, in 
consideration that the theoretical capacity is 1 70 mAh/g. 
[0013] If is LiFeP0 4 is compared to LiMn 2 0 4 , the 
former has a volumetric density of 3.6 g/cm 3 and an 
average vcltage of 3.4 V, whereas latter has a volumet- 

45 ric density of 4.2 g/cm 3 and an average voltage of 3.9 V, 
with the capacity being 120 mAh/g. So, LiFeP0 4 is 
lower than LiMn 2 0 4 by approximately 10% in both the 
voltage and volumetric density. So, for the same capac- 
ity of 120 mAh/g, LiFeP0 4 is lower than LiMn 2 0 4 by not 

so less than 10% and by not less than 20% in weight 
energy density and in volumetric energy density, 
respectively. Thus, in order to realize the energy density 
of LiFeP0 4 which is of the level equivalent to or higher 
than LiMn 2 0 4 , the capacity of 140 mAh/g or higher is 
55 required. However, this high capacity has net been real- 
ized with LiFeP0 4 . 

[0014] On the other hand, LiFeP0 4 obtained by the 
conventional synthesizing method is lower in electrical 
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conductivity than the positive electrode active material, 
such as LiMn 2 0 4 , and hence suffers the problem of low 
load characteristics and poor molding performance. So, 
in order to prepare an electrode using LiFeP0 4 as the 
positive electrode active material, a large quantity of 
electrically conductive material, such as acetytene 
black, needs to be added, with the result that a non- 
aqueous electrolyte secondary battery employing 
LiFeP0 4 as a positive electrode active material suffers a 
drawback that the energy density of the electrode is 
smaller, with the electrode molding performance being 
also lowered. 

Disclosure of the invention 

[0015] It is an object of the present invention to pro- 
vide a method for producing a positive electrode active 
material in which mixing of an oxidized 3d transition 
metal into a compound represented by the general for- 
mula Li x M y P0 4 to realize a high capacity and a method 
for producing a high-capacity non-aqueous electrolyte 
secondary battery employing this positive electrode 
active material. It is a particular object of the present 
invention to provide a method tor producing a positive 
electrode active material in which mixing of an oxidized 
3d transition metal into a compound represented by the 
general formula Lt x M y P0 4 and a method for producing a 
high-capacity non-aqueous electrolyte secondary bat- 
tery by employing this positive electrode active material 
to realize a high capacity in case the compound repre- 
sented by the general formula Li x M y P0 4 is LiFeP0 4 . 
[0016] For accomplishing the above object, the 
present invention provides a method for producing a 
positive electrode active material including a mixing 
step of mixing a plurality of substances to give a precur- 
sor, the substances proving a starting material for syn- 
thesis of a compound represented by the genera! 
formula Li x M y P0 4 where x is such that 0 < x < 2, y is 
such that 0.8 < y < 1 .2 and M includes at lest one of 3d 
transition metals, and a sintering step of sintering and 
reacting the precursor obtained by the mixing step, 
wherein a reducing agent is added to the precursor in 
the mixing step. 

[0017] In the method for producing the positive 
electrode active material according to the present inven- 
tion, in which the reducing agent is added to the precur- 
sor in the mixing step, it is possible to prevent the 3d 
transition metal M in the starting material for synthesis 
from being oxidized by the residual oxygen to yield sin- 
gie-phase Li x M y P0 4 free of impurities. 
[0018] The present invention also provides a 
method for producing a non-aqueous electrolyte sec- 
ondary battery having a positive electrode containing a 
positive electrode active material capable of reversibly 
doping/undoping lithium, a negative electrode mounted 
facing the positive electrode and capable of reversibiy 
doping/undoping lithium, and a non-aqueous electrolyte 
interposed between the positive eiectrode and the neg- 



ative electrode, in which the positive electrode active 
material is produced by a method including a mixing 
step of mixing a plurality of substances, proving a start- 
ing material for synthesis of a compound represented 
5 by the general formula Li x M y P0 4 where x is such that 0 

< x < 2, y is such that 0.8 < y < 1 .2 and M includes at lest 
one of 3d transition metais, to give a precursor, and a 
sintering step of sintering and reacting the precursor 
obtained by the mixing step, wherein a reducing agent is 

70 added to the precursor in the mixing step to prepare the 
positive eiectrode active material. 
[0019] In the method for producing the non-aque- 
ous electrolyte secondary battery according to the 
present invention, in which the reducing agent is added 

15 to the precursor in the mixing step in the preparation of 
the positive electrode active material, it is possible to 
prevent the 3d transition metal M in the starling material 
for synthesis from being oxidized by the residual oxygen 
to yieid single-phase Li x M y P0 4 free of impurities. 

20 [0020] The present invention also provides a 
method for producing a positive electrode active mate- 
rial including a mixing step of mixing a plurality of sub- 
stances proving a starting material for synthesis of a 
compound represented by the general formula 

25 Li x M y P0 4 where x is such that 0 < x < 2, y is such that 
0.8 < y < 1 .2 and M includes at lest one of 3d transition 
metals, to give a precursor, a de-aerating step of remov- 
ing air contained in the precursor obtained in the mixing 
step, a sintering step of sintering and reacting the pre- 

30 cursor obtained by the mixing step. 

[0021] In the method for producing the positive 
electrode active material according to the present inven- 
tion, in which air contained in the precursor in the de- 
aerating step is removed in the de-aerating step, it is 

35 possible to prevent the 3d transition metal M in the start- 
ing material for synthesis from being oxidized by the 
residual oxygen to yield single-phase Li x M y P0 4 free of 
impurities. 

[0022] The present invention also provides a 
40 method for producing a non-aqueous electrolyte sec- 
ondary battery having a positive electrode containing a 
positive electrode active material capable of reversibly 
doping/undoping lithium, a negative electrode mounted 
facing the positive electrode and capable of reversibly 
45 doping/undoping lithium, and a non-aqueous electrolyte 
interposed between the positive electrode and the neg- 
ative electrode, in which the positive electrode active 
material is produced by a method including a mixing 
step of mixing a plurality of substances, proving a start- 
so ing material for synthesis of a compound represented 
by the general formula U x M y P0 4 where x is such that 0 

< x < 2, y is such that 0.8 < y < 1 .2 and M includes at 
least one of 3d transition metals, to give a precursor, a 
de-aerating step of de-aerating air contained in the pre- 

55 cursor obtained in the mixing step and a sintering step 
of sintering and reacting the precursor obtained in a 
state free of air by the de-aerating step. 
[0023] in the method for producing a non-aqueous 
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v electrolyte secondary battery according to the present 
invention, in which, in preparing the positive electrode 
active material, any air contained in the precursor is 
removed in the deaerating process in the preparation of 
the positive electrode active material, it is possible to 5 
prevent the 3d transition metai M in the starting material 
for synthesis from being oxidized by the residual oxygen 
to yield single-phase U x M y P0 4 free of impurities. 
[0024] It is another object of the present invention to 
provide a method for producing a positive electrode w 
active material superior in load characteristics and 
molding performance, and which is capable of realizing 
a high capacity, and a method for producing a non- 
aqueous electrolyte secondary battery which, through 
the use of ths positive electrode active material, has a is 
high capacity approaching to the theoretical capacity of 
1 70 mAh/g. 

[0025] For accomplishing this object, the present 
invention provides a method for producing a positive 
electrode active material including a mixing step of mix- 20 
ing a plurality of substances to give a precursor, the 
substances proving a starting material for synthesis of a 
compound represented by the general formula 
Li x M y P0 4 where x is such that 0 < x < 2, y is such that 
0.8 < y < 1 .2 and M includes at lest one of 3d transition 25 
metals, and a sintering step of sintering and reacting the 
precursor obtained by the mixing step, wherein an elec- 
trically conductive agent is added to the starting mate- 
rial for synthesis or to the precursor. 

[0026] In the method for producing a positive elec- 30 
trode active material according to the present invention, 
in which an electrically conductive agent is added to the 
starting material for synthesis or to the precursor, the 
produced positive electrode active material exhibits 
superior load characteristics and electrode molding per- 35 
formance, to realize a high capacity. 
[0027] The present invention also provides a 
method for producing a non-aqueous electrolyte sec- 
ondary battery having a positive electrode active mate- 
rial capable of reversibly doping/undoping lithium, a 40 
negative electrode mounted facing the positive elec- 
trode and capable of reversibly doping/undoping lithium, 
and a non-aqueous electrolyte interposed between the 
positive electrode and the negative electrode, wherein 
the positive electrode active material is synthesized by a 45 
mixing step of mixing a plurality of substances, proving 
a starting material for synthesis of a compound repre- 
sented by the genera! formula Li x M y P0 4 where x is 
such that 0 < x < 2, y is such that 0.8 < y < 1 .2 and M 
includes at lest one of 3d transition metals, to give a pre- 50 
cursor, and a sintering step of sintering and reacting the 
precursor obtained by the mixing step, and wherein an 
eiectricaily conductive agent is added to the starting 
material for synthesis or to the precursor to synthesize 
the positive electrode active material. 55 
[0028] In the method for producing the non-aque- 
ous electrolyte secondary battery according to the 
present invention, an electrically conductive agent is 



added to the starting material for synthesis or to the pre- 
cursor. Since the positive electrode active material 
exhibits satisfactory load characteristics and electrode 
molding performance, the produced non-aqueous elec- 
trolyte secondary battery is of a high capacity. 

Brief Description of the Drawings 
[0029] 

Fig. 1 is a cross-sectional view showing an illustra- 
tive structure of a non-aqueous electrolyte second- 
ary battery embodying the present invention. 

Fig. 2 is a graph showing a powder X-ray diffraction 
pattern of LiFeP0 4 synthesized in Example 1. 

Fig.3 is a graph showing a powder X-ray diffraction 
pattern of LiFeP0 4 synthesized in Comparative 
Example 1 . 

Fig. 4 is a graph showing charging/discharging 
characteristics of the battery of Example 1. 

Fig, 5 is a graph showing the relation between the 
number of cycles and the charging/discharging 
capacity of the battery of Example 1 . 

Fig. 6 is a graph showing the charging/discharging 
characteristics of the battery of Comparative Exam- 
ple 1. 

Fig. 7 is a graph showing the relation between the 
number of cycles and the charging/discharging 
capacity of the battery of Comparative Example 1 . 

Fig. 8 is a graph showing a powder X-ray diffraction 
pattern of LiFePC 4 synthesized in Example 3. 

Fig.9 is a graph showing a powder X-ray diffraction 
pattern of LiFePQ 4 synthesized in Comparative 
Example 2. 

Fig. 10 is a graph showing the charging/discharging 
characteristics of the battery of Example 3. 

Rg.1 1 is a graph showing the relation between the 
number of cycles and the charging/discharging 
capacity of the battery of Example 3. 

Fig. 12 is a graph showing the relation between the 
sintering temperature in synthesizing LiFeP0 4 . 

Fig. 13 is a graph showing the charging/discharging 
characteristics of the battery of Comparative Exam- 
ple 2. 

Fig. 14 is a graph showing the relation between the 
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number of cycles and the charging/discharging 
capacity of the battery of Comparative Example 2. 

Fig. 15 is a graph showing a powder X-ray diffrac- 
tion pattern of an LiFeP0 4 carbon complex material 
synthesized in Example 7. 

Fig. 16 is a graph showing a powder X-ray diffrac- 
tion pattern of an LiFeP0 4 carbon complex material 
synthesized in Example 8. 

Fig. 17 is a graph showing a powder X-ray diffrac- 
tion pattern of an LiFe 05 Mn 0 S P0 4 carbon complex 
material synthesized in Example 9. 

Fig. 18 is a graph showing a powder X-ray diffrac- 
tion pattern of an Li FeP0 4 carbon complex material 
synthesized in Comparative Example 7. 

Fig. 19 is a graph showing the charging/discharging 
characteristics of the battery of Example 7. 

Fig. 20 is a graph showing the relation between the 
number of cycles and the charging/discharging 
capacity of the battery of Example 7. 

Fig. 21 is a graph showing load characteristics of a 
battery of Example 8. 

Fig. 22 is a graph showing the charging/discharging 
characteristics of the battery of Example 9. 

Fig. 23 is a graph showing load characteristics of 
batteries of Example 7 and Comparative Example 
1. 

Fig. 24 is a graph showing the charging/discharging 
characteristics of the battery of Comparative Exam- 
ple 4. 

Fig. 25 is a graph showing powder X-ray diffraction 
patterns of LiFeP0 4 carbon complex material syn- 
thesized in Examples 1 0 to 1 2. 

Fig. 26 is a graph showing powder an X-ray diffrac- 
tion pattern of LiFeP0 4 synthesized in Comparative 
Example 5. 

Fig. 27 is a graph showing the charging/discharging 
characteristics of the battery of Example 1 1 . 

Fig. 28 is a graph showing the charging/discharging 
characteristics of the battery of Example 12. 

Fig. 29 is a graph showing the charging/discharging 
characteristics of the battery of Comparative Exam- 
ple 4. 



Fig. 30 is a graph showing volumetric grain size dis- 
tribution of the LiMnP0 4 carbon complex material 
of Examples 10 to 12 and LiMnP0 4 of Comparative 
Example 5. 

5 

Fig. 31 is a graph showing the volumetric grain size 
distribution of the UMnP0 4 carbon complex mate- 
rial of Example 12 in integrated values of the 
passed portions. 

w 

Best mode for Carrying out the Invention 

[0030] The present invention is hereinafter 
explained in detail. 

15 [0031] A non-aqueous electrolyte secondary bat- 
tery, manufactured in accordance with the present 
invention, is a so-called lithium secondary battery, and 
includes, as basic constituent elements, a positive elec- 
trode, containing a positive electrode active material, a 

20 negative electrode and a non-aqueous electrolyte. 

[0032] This positive electrode active material con- 
tains a compound having an olivinic structure and which 
is represented by the general formula Li x M y P0 4 , where 
x is such that 0 < x < 2, y is such that 0.8 < y < 1 .2 and 

25 M contains at least one of 3d transition metals. 

[0033] The compounds represented by the general 
formula Li x M y P0 4 may be enumerated by, for example, 
Li x Fe y P0 4 , Li x Mn y P0 4 , Li x Co y PG 4 , Li x Ni y P0 4 , 
Li x Cu y P0 4 , Li x (Fe, Mn) y P0 4 , Li x (Fe, Co) y P0 4 , Li x (Fe, 

so Ni) y P0 4 , Li x (Cu, Mn) y P0 4 , Li x (Cu, Co) y P0 4 and Li x (Cu, 
Ni) y P0 4 , where the proportions of elements in paren- 
theses () are arbitrary. 

[0034] The compound represented by the general 
formula Li x M y P0 4 preferably contains particles with the 
35 particle size not larger than 10 urn On the other hand, 
the specific surface area of the compound represented 
by the general formula L ixMyP04 is preferably not less 
than 0.5 m 2 /g. 

[0035] In preparing a compound represented by the 

40 general formula Li x M y P0 4 as the aforementioned posi- 
tive electrode active material, plural substances as 
starting material for synthesis of the compound repre- 
sented by the general formula Li x M y P0 4 are mixed 
together to prepare a precursor by a mixing process. 

45 The precursor prepared in the mixing process is then 
sintered and reacted by a sintering process. A reducing 
agent is added to the precursor in the mixing process. 
[0036] The method for preparing LiFeP0 4 , as the 
compound represented by the general formula 

so Li x M y P0 4 , is now explained. 

[0037] In the mixing process, iron oxalate 
(FeC 2 0 4 ), as a starting material for synthesis, ammo- 
nium hydrogen phosphate (NH 4 H 2 P0 4 ) and lithium car- 
bonate (Li 2 C0 3 ) are mixed together in a pre-set ratio 

55 and added to with e.g., iron powders (Fe) as a reducing 
agent. These substances are mixed sufficiently to give a 
precursor. 

[0038] In the sintering process, this precursor is sin- 



5 



... 10G4532A1 I > 



9 



EP 1 094 532 A1 



10 



tered at a pre-set temperature in an atmosphere of an 
inert gas, such as nitrogen. This synthesizes LiFeP0 4 . 
[0039] If air is ieft in the precursor in synthesizing 
LiFeP0 4 , Fe'- + in iron oxalate, as a bivalent iron com- 
pound, tends to be oxidized with oxygen in air to Fe 3+ . 
As a result, the trivalent iron compound tends to be 
mixed as an impurity into the synthesized LiFeP0 4 . 
[0040] According to the present invention, iron pow- 
ders are added as a reducing agent in the mixing proc- 
ess. If Fe 2 h in iron oxalate, as a bivalent iron compound, 
is oxidized to ^e 3 ^ by oxygen in air contained in the pre- 
cursor, the iron powders contained in the precursor 
reduces this Fe 3 + to Fe 2_K Since this prohibits the triva- 
lent iron compound from mixing into the synthesized 
LiFeP0 4 , it is possible to produce single-phase 
LiFeP0 4 . 

[0041] The iron powder, added as a reducing agent, 
forms a part of the starting materia! for synthesis, and is 
synthesized into LiFeP0 4 as an ultimate product, if the 
reducing agent becomes a part of the starting material 
for synthesis of LiFeP0 4 , there is no fear of mixing of 
impurities, so that single-phase LiFeP0 4 may be pro- 
duced. If the reducing agent is used as a part of 
LiFeP0 4 , the single-phase LiFeP0 4 may be produced 
without the risk of mixing of impurities. Moreover, if the 
reducing agent is used as a part of LiFeP0 4 , there is no 
necessity of removing the reducing agent left over after 
the end of the reaction to render it possible to synthe- 
size LiFeP0 4 efficiently. 

[0042] If iron powders are used as a part of the 
reducing agent or of the starting material for LiFeP0 4 
synthesis, these iron powders are desirably added to 
the precursor in an amount ranging from 1 wt% to 30 
wt% based on the sum total of Fe in the iron starting 
material. If the amount of addition of the iron powders is 
less than this value, oxidation of Fe 2+ cannot be pre- 
vented sufficiently. On the other hand, since the iron 
powders (Fe) are lower in reactivity than Fe 2+ in iron 
oxalate (FeC 2 0), the reaction of synthesis of LiFeP0 4 
does not proceed sufficiently if the amount of the iron 
powders exceeds 30 wt%. By setting the amount of 
addition of the iron powders in a range from 1 to 30 wt% 
based on the weight of Fe in the iron starting material, it 
is possible to prohibit oxidation of Fe 2 ^ to produce the 
single-phase LiFeP0 4 without obstructing the synthetic 
reaction. 

[0043] As the reducing agent oxalic acid, fcrmic 
acid or hydrogen may be used in place of iron powders, 
insofar as no solid product is left over after the sintering 
process. 

[0044] In the present technique, in which the reduc- 
ing agent is added to trie precursor as described aoove 
to suppress generation of trivalent iron compounds by 
trace oxygen, and the precursor is sintered in a nitrogen 
stream, it has become possible to synthesize LiFeP0 4 
at a temperature e.g., of 300°C which is appreciably 
lower than the conventional temperature of 800°C. 
Stated differently, LiFePQ 4 can be synthesized over a 



broader temperature range than heretofore to increase 
the latitude of selection of the precursor sintering tem- 
perature, referred to below simply sintering tempera- 
ture. If the sintering temperature is as high as 800°C, as 
5 in the conventional system, the energy consumption is 
correspondingly increased, whilst the ioad imposed on 
reaction apparatus etc is also increased. 
[0045] The present inventors have directed atten- 
tion to the relation between the precursor sintering te in- 
fo perature in synthesizing LiFeP0 4 and the battery 
employing LiFePO^ as the active material and investi- 
gated into an optimum sintering temperature for synthe- 
sizing LiFeP0 4 in realization of a high capacity. 
[0046] As a result it has been found that the sinter- 
15 ing temperature for sintering the LiFeP0 4 precursor is 
desirably not lower than 350°C and not higher than 
790°C. If the sintering temperature is lower than 350°C, 
there is a risk that the chemical reaction and crystalliza- 
tion do not proceed sufficiently, such that homogeneous 
20 LiFeP0 4 cannot be produced. On the other hand, if the 
sintering temperature is higher than 790°C, there is a 
risk that crystallization proceeds excessively to obstruct 
lithium diffusion. So, by sintering the precursor at a tem- 
perature not lower than 350°C and not higher than 
25 790°C, to synthesize LiFeP0 4 , homogeneous LiFePG 4 
can be produced to realize a high capacity exceeding 
120 mAh/g which is the capacity of LiFeP0 4 produced 
by the conventional method. 

[0047] It is more desirable that the sintering temper- 
so ature be not lower than 450°C and not higher than 
700°C. By sintering the precursor in a temperature 
range from 450°C to 700°C : it is possible to realize the 
high real capacity approaching to 170 mAh/g which is 
the theoretical capacity of LiFeP0 4 . 
35 [0048] In the above-described manufacturing 
method for the positive electrode active material, in 
which a reducing agent is added to the precursor in syn- 
thesizing Li x M y P0 4 , it is possible to prevent oxidation of 
M as a 3d transition metal, so that the single-phase 
40 Li x M y P0 4 , can be produced without mixing of impuri- 
ties. Moreover, Li x M y P0 4 , can be produced at a sinter- 
ing temperature lower than in the conventional system. 
So, with the present manufacturing method for the pos- 
itive electrode active material, Li x M y P0 4 can be pro- 
45 duced with which it is possible to realize a high capacity. 
[0049] By using Li x M v P0 4 , synthesized as 
described above, it is possible to produce a non-aque- 
ous electrolyte secondary battery of high capacity and 
superior cyclic characteristics and lithium ion dop- 
so ing/undoping performance. 

[0050] On the other hand, U x M y P0 4 as a positive 
electrode active material can be produced as follows: 
First, plural materials as a starting material for synthesis 
of a compound represented by the general formula 
55 Li x M y P0 4 are mixed to give a precursor by a mixing 
process. Then, air contained in the precursor obtained 
by the mixing process is removed by way of a de-aerat- 
ing process. The precursor freed of a;r by the de-aerat- 
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ing process is sintered and reacted by a sintering 
process to produce Li x M y P0 4 . 

[0051] Another method for synthesizing e.g., 
LiFeP0 4 as a compound represented by the general 
formula Li x M y P0 4 is hereinafter explained. s 
[0052] In the mixing process, iron acetate 
(Fe(CH 3 COO)2), hydrogen ammonium phosphate 
(NH 4 H 2 P0 4 ) and lithium carbonate (Li 2 C0 3 ) are mixed 
at a pre-set ratio to give the precursor 
[0053] In the de-aerating process, the precursor is 10 
homogenized sufficiently and de-aerated to remove air 
contained in the precursor. As the de-aerating process- 
ing, the atmosphere of the precursor is replaced by vac- 
uum to introduce an inert gas. This removes air 
contained in the precursor. As another example of the 15 
de-aerating process, a solvent with a boiling point not 
higher than 250°C is made to co-exist with the precursor 
to vaporize off the solvent into the inert gas. This 
removes air contained in the precursor. The solvent boil- 
ing at 250°C or lower may be exemplified by, for exam- 20 
pie, water and ethanol. 

[0054] In the sintering process, the precursor from 
the de-aerating processing is sintered at a pre-set tem- 
perature in an atmosphere of an inert gas, such as nitro- 
gen. This synthesizes LiFeP0 4 . 25 
[0055] If air is left in the precursor at the time of syn- 
thesis of LiFeP0 4 , Fe 2+ " In iron acetate as a bivalent iron 
compound may be oxidized by oxygen in air and thereby 
turned into Fe 3+ . So, the trivalent iron compound may 
be mixed as an impurity in the synthesized LiFeP0 4 . 30 
[0056] According to the present invention, the air 
contained in the precursor is removed by the de-aerat- 
ing process to prevent oxidation of Fe 2+ contained in 
iron acetate. In this manner, no trivalent iron compound 
is mixed into synthesized LiFeP0 4 to make it possible to 35 
produce single-phase LiFeP0 4 . 

[0057] The sintering temperature, which is the tem- 
perature of sintering the precursor in synthesizing 
LiFeP0 4 , is desirably not lower than 350°C and not 
higher than 790°C, as in the case of the range of the sin- 40 
tering temperature. 

[0058] In the above-described manufacturing 
method for the positive electrode active material, the air 
contained in the precursor is removed in synthesizing 
Li x M y P0 4! thus preventing oxidation of M as a 3d transi- 45 
tion metal. This makes it possible to produce single- 
phase LiFeP0 4 free of impurities. Moreover, Li x M y P0 4 
can be synthesized at a lower sintering temperature. 
Thus, with the present manufacturing method for the 
positive electrode active material, Li x M y P0 4 , realizing a 50 
high capacity, may be oroduced. 

[0059] By employing Li x M y P0 4 , synthesized as 
described above, as the positive electrode active mate- 
rial, it is possible to produce a non-aqueous electrolyte 
secondary battery of high capacity and superior cyclic 55 
characteristics and lithium ion doping/undoping per- 
formance. 

[0060] Moreover, in synthesizing a compound sam- 



ple composed of Li x M y P0 4 and an electrically conduc- 
tive material, as a positive electrode active material 
containing Li x M y P0 4 , plural materials as a starting 
material for synthesis of Li x M y P0 4 are mixed to give a 
precursor by a mixing process. The precursor obtained 
by the mixing process is then sintered and reacted by 
way of a sintering process. At this time, an electrically 
conductive material is added to the starting material for 
synthesis or to the precursor. 

[0061] This electrically conductive material may be 
exemplified by carbon, silver or an electrically conduc- 
tive high polymer material. The carbon black may be 
exemplified by, for example, graphite, acetylene black or 
the like carbon black material. 

[0062] The electrically conductive material is desir- 
ably added in a range of 0.5 to 20 parts by weight to 1 00 
parts by weight of Li x M y P0 4 . If the amount of the elec- 
trically conductive material is less than 0.5 wt%, it is 
likely that no sufficient effect can be achieved. If con- 
versely the amount of the electrically conductive mate- 
rial exceeds 20 wt%, the proportion of M as the main 
partner of the oxidation in the positive electrode active 
material is low such that the energy density of the non- 
aqueous electrolyte secondary battery is likely to be 
lowered. 

[0063] Therefore, if, in the positive electrode active 
material, the electrically conductive material is added in 
a range of 0.5 to 20 parts by weight to 100 parts by 
weight of Li x M y P0 4 , load characteristics and electrode 
molding performance are improved, such that the non- 
aqueous electrolyte secondary battery having ths corn- 
pound sample as the positive electrode active material 
has a high capacity. 

[0064] As a manufacturing method for a compound 
sample as the positive electrode active material, a man- 
ufacturing method for synthesizing the LiFeP0 4 carbon 
compound material composed of LiFeP0 4 and carbon 
as the Li x M y P0 4 and as the electrically conductive 
material is hereinafter explained. 

[0065] In adding carbon to the precursor of the 
UFeP0 4 , iron oxalate (FeC 2 0 4 ), ammonium hydrogen 
phosphate (NH 4 H 2 P0 4 ) and lithium carbonate (Li 2 C0 3 ) 
are sufficiently mixed in the mixing process to give a 
precursor, which precursor then is calcined at a lower 
temperature in an atmosphere of an inert gas, such as 
nitrogen. The calcined precursor and the carbon are 
mixed together and pulverized. In the sintering process, 
sintering is made at a preset temperature in an atmos- 
phere of an inert gas, such as nitrogen, to produce a 
LiFeP0 4 carbon compound material. 
[0066] if carbon is added to the starting material for 
synthesis of UFeP0 4 , carbon is added and mixed at the 
outset in the mixing process to a starting material for 
synthesis composed of iron oxalate (FeC 2 04), ammo- 
nium hydrogen phosphate (NH 4 H 2 P0 4 ) and lithium car- 
bonate (Li 2 C0 3 ) and the resulting mixture is calcinedat 
a lower temperature in an atmosphere of an inert gas, 
such as nitrogen, in the sintering process, the calcined 
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mixture is sintered at a pre-set temperature "tn the inert 
gas atmosphere, such as nitrogen, to produce an 
LiFeP0 4 carbon compound material. 
[0067] In the present technique, the starting mate- 
ria! for synthesis is mixed thoroughly as described s 
above to prepare the precursor. By thoroughly mixing 
the starting material for synthesis, the respective com- 
ponents of the starting material are mixed evenly to pro- 
vide a precursor having an increased number of contact 
points. This precursor is sintered and synthesized in a w 
nitrogen stream. This makes it possible to synthesize 
the compound sample by sintering the precursor at a 
temperature of e.g., 300°C which Is appreciably lower 
than 800°C which is the sintering temperature for syn- 
thesizing LiFeP0 4 by the conventional method. is 
[0068] Stated differently, the LiFeP0 4 carbon com- 
pound material can be synthesized over a wide temper- 
ature range to provide for a wider temperature selection 
range for synthesis. This sintering temperature is prefer- 
ably not less than 350°c and not higher than 790°C and 20 
more preferably not less than 450°c and not higher than 
700 C C. 

[0069] If a compound sample composed of a com- 
pound of Li x M y P0 4 , where M is Mn the redox potential 
of which is higher than that of Fe : and an electrically 25 
conductive material for example, a compound material 
composed of LiFe x Mn 1 . x P0 4 and carbon, is to be syn- 
thesized as the positive electrode active material, iron 
oxalate (FeC 2 04), ammonium hydrogen phosphate 
(NH 4 H 2 P0 4 ) and lithium carbonate (Li 2 C0 3 ), and man- 30 
ganese acetate tetrahydride (Mn(CH 3 00) 2 * 4H 2 0) or 
manganese carbonate (MnC0 3 ) are mixed at a pre set 
ratio. Otherwise, the technique of synthesizing the 
LiFeP0 4 carbon compound material is used to prepare 
LiFe x Mn 1 . x P0 4 . 35 
[0070] If an Li x Mn y P0 4 carbon compound material, 
composed of Li x Mn y P0 4 and carbon where x is such 
that 0 < x < 2 and y is such that 0.8 < y < 1 .2, is to be 
synthesized as the positive electrode active materia!, 
the above-described technique of synthesizing the 40 
LiFeP0 4 carbon compound material is followed except 
that manganese carbonate (MnC0 3 ), ammonium 
hydrogen phosphate (NH 4 H 2 P0 4 ) and lithium carbon- 
ate (Li 2 CC 3 ) are mixed thoroughly at a pre-set ratio for 
use as a precursor, to prepare the Li x Mn v P0 4 precur- 45 
sor. 

[0071 ] The conventional olivinic Li x Mn y P0 4 is low in 
electrically conductivity to render oxidation of Mn diffi- 
cult. So, the present inventors added carbon to the 
starting material for synthesis of the oiivinic Li x Mn y P0 4 so 
or its precursor to synthesize the Li x Mn y P0 4 carbon 
compound material. Since oxidation of Mn newly occurs 
in this Li x Mn y P0 4 carbon compound materia!, it is pos- 
sible to use this material as the positive electrode active 
material. 55 
[0072] In the above-described manufacturing 
method for the positive electrode active material, in 
which the compound sample composed of Li x Mn y P0 4 



and the electrically conductive materia! is to be synthe- 
sized, it is possible to synthesize a positive electrode 
active material having load characteristics and elec- 
trode molding performance more desirable than those 
of the positive electrode active material composed 
solely of LiM y P0 4 . Moreover, with the positive electrode 
active material, thus prepared, superior load character- 
istics and electrode molding performance are achieved, 
even if the amount of the electrically conductive material 
newly added at the time of preparing the electrodes is 
small, thus enabling the use of an electrically conduc- 
tive agent having a large volumetric density, such as 
graphite. 

[0073] So, the non-aqueous electrolyte secondary 
battery, containing this compound sample as the posi- 
tive electrode active material, is of high capacity and 
superior cyclic characteristics, because migration of 
electrons occurs smoothly in the electrodes. On the 
other hand, there is no necessity of adding a new elec- 
trically conductive agent to the positive electrode mix- 
ture of the non-aqueous electrolyte secondary battery, 
thus increasing the energy density. 
[0074] If, in the non-aqueous electrolyte secondary 
battery employing the positive electrode active material, 
synthesized as described above, the electrolyte used in 
a non-aqueous electrolyte secondary battery 1 is liquid, 
the non-aqueous electrolyte secondary battery 1 
includes a positive electrode 2, a positive electrode can 
3, accommodating the positive electrode 2, a negative 
electrode 4, a negative electrode can 5, accommodat- 
ing the negative electrode 4, a separator 6 mounted 
between the positive electrode 2 and the negative elec- 
trode 4 and an insulating gasket 7. The non-aqueous 
electrolyte is charged in the positive electrode 2 and in 
the negative electrode can 5. 

[0075] The positive electrode 2 is comprised of a 
positive electrode collector of, for example, an alumi- 
num foil, and a layer of a positive electrode active mate- 
rial containing the positive electrode active material, 
synthesized as described above. As a binder contained 
in the layer of the positive electrode active material, it is 
possible to use a known resin material routinely used as 
a binder for the layer of the positive electrode active 
material for this type of the non-aqueous electrolyte 
secondary battery. 

[0076] The positive electrode can 3, accommodat- 
ing the positive electrode 2, serves as an external posi- 
tive electrode for the non-aqueous electrolyte 
secondary battery 1 . 

[0077] The negative electrode 4 is formed e.g., by a 
foil of metal iithium operating as a negative electrode 
active material. If a material capable of doping/undopmg 
lithium is used as the negative electrode active material, 
the negative electrode 4 is the layer of the negative 
electrode active material containing the negative elec- 
trode active material and the negative electrode collec- 
tor on which is formed the layer of the negative 
electrode active material As the negative electrode coi- 
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lector, a nickel foil, for example, is used. As the negative 
electrode active material capable of doping/undoping 
lithium, metal lithium, lithium alloys, an electrically con- 
ductive high polymer material doped with lithium, and a 
laminated compound, such as a carbon material or a 
metal oxide, may be used. As a binder contained in the 
layer of the negative electrode active material, any suit- 
able known binders routinely used as a binder for the 
layer of the negative electrode active material for this 
sort of the non-aqueous electrolyte secondary battery 
may be used. 

[0078] The negative electrode can 5, accommodat- 
ing the negative electrode 4, serves as an external pos- 
itive electrode for the non-aqueous electrolyte 
secondary battery 1 . 

[0079] The separator 6, used for separating the 
positive electrode and the negative electrode from each 
other, may be formed of any suitable known materials 
routinely used as a separator for the layer of the nega- 
tive electrode active material for this sort of the non- 
aqueous electrolyte secondary battery. For example, a 
film of a high molecular material, such as polypropyl- 
ene, is used. From the relation between conductivity of 
lithium ions and the energy density, it is necessary that 
the thickness of the separator 6 be as thin as possible. 
Specifically, the thickness of the separator 6 of, for 
example, not more than 50 (urn, is desirable. 
[0080] The insulating gasket 7 is built into and uni- 
fied with the negative electrode can 5 and serves for 
preventing leakage of the non-aqueous electrolytic solu- 
tion charged into the positive electrode can 3 and the 
negative electrode can 5. 

[0081] As the non-aqueous electrolytic solution, a 
solution obtained on dissolving the electrolyte in a non- 
protonic non-aqueous solvent is used. 
[0082] The non-aqueous solvent may be exempli- 
fied by, for example, propylene carbonate, ethylene car- 
bonate, butylene carbonate, vinylene carbonate, 7- 
butyrolactone, sulforane, 1 ,2-dimethoxyethane, 1 ,2- 
diethoxyethane, 2-methyltetrahydrofuran, 3- methyl 1,3- 
dioxorane, methyl propionate, methyl lactate, dimethyl 
carbonate, diethyl carbonate and dipropyl carbonate. 
Especially, from voltage stability, cyclic carbonates, 
such as propylene carbonate or vinylene carbonate, or 
chain carbonates, such as dimethyl carbonate, diethyl 
carbonate or dipropyl carbonate, are preferably used. 
As this non-aqueous solvent, only one type non-aque- 
ous solvent or a mixture of two or more non-aqueous 
solvents may be used. 

[0083] As the electrolyte, dissolved in the non- 
aqueous solvent, lithium salts, such as LiPF 6 , LiCI0 4 , 
UAsF 6 , LiBF 4 , UCF3SO3 or LiN(CF 3 S0 2 } 2 , may be 
used. Of these lithium salts, LiPF 6 or U"BF 4 may prefer- 
ably be used. 

[0084] The non-aqueous electrolyte secondary bat- 
tery 1 is manufactured, e.g., by the following method: 
[0085] For preparing the positive electrode 2, the 
positive electrode active material and the binder are dis- 



persed in a solvent to prepare a slurried positive elec- 
trode mixture. The so-prepared positive electrode 
mixture then is evenly coated on a current collector and 
dried in situ to prepare a layer of the positive electrode 

5 active material to complete the positive electrode 2. For 
preparing the negative electrode 4, the negative elec- 
trode active material and the binder are dispersed in a 
solvent to prepare a slurried negative electrode mixture. 
The so-prepared negative electrode mixture then is 

w evenly coated on a current collector and dried in situ to 
prepare a layer of the negative electrode active material 
to complete the negative electrode 4. The non-aqueous 
electrolytic solution is prepared by dissolving an electro- 
lyte salt in a non-aqueous solvent. 

15 [0086] The positive electrode 2 and the negative 
electrode 4 are accommodated in the positive electrode 
can 3 and in the negative electrode can 5. The separa- 
tor 6 formed e.g., by a porous polypropylene film is 
arranged between the positive electrode 2 and the neg- 

20 ative electrode 4. The non-aqueous electrolytic solution 
is charged into the positive electrode can 3 and the neg- 
ative electrode can 5. The electrode cans 3, 5 are 
caulked fixedly through the insulating gasket 7 to com- 
plete the non-aqueous electrolyte secondary battery 1 . 

25 [0087] in the above-described embodiment, the 
non-aqueous electrolyte secondary battery 1 employing 
the non-aqueous electrolytic solution is used, as an 
example, as the non-aqueous electrolyte secondary 
battery. The present invention is, however, not limited to 

30 this and may be applied to the use as the non-aqueous 
electrolyte of a solid electrolyte or a gelated solid elec- 
trolyte containing a swelling solvent. The present inven- 
tion may also be applied to a variety of shapes of the 
non-aqueous electrolyte secondary batteries, such as a 

35 cylindrical shape, a square shape, a coin or a button 
shape, or to a variety of sizes of the non-aqueous elec- 
trolyte secondary battery, such as a thin type or large- 
sized batteries. 

[0088] In the above-described embodiment, the 

40 manufacturing method for an positive electrode active 
material by synthesizing LiFeP0 4 , an LiFeP0 4 carbon 
compound, a compound sample composed of 
LiFe x Mn-,_ x P0 4 and carbon or a Li x Mn y P0 4 carbon 
compound material composed of Li x Mn y P0 4 and car- 

45 bon, has been explained. However, it is only necessary 
that the positive electrode active material be based on 
Li x M y P0 4 as the basic composition, such that any ele- 
ment may be added to or used as a substituent in 
Li x M y P0 4 as long as the reaction and crystallization 

50 proceed at a sintering temperature not lower than 
350°C and not higher than 790°C ; as described above. 
Li x M y P0 4 may also suffer from defects. 
[0089] Aiso, in the above-described embodying the 
present invention of the present invention, a solid-phase 

55 reaction of mixing and sintering a powdered material as 
a starting material for synthesis of the compound repre- 
sented by the general formula Li x M y P0 4 in the prepara- 
tion of the positive electrode active material is explained 
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as an example. The present invention, however, is not 
limited to this and may be applied to the use of various 
other methods for chemical synthesis than the solid- 
phase reaction. 

[0090] Meanwhile, a starting material of high reac- s 
tivity is preferably used as the starting material for syn- 
thesis of Li x M y P0 4 . For example, as the starting 
material for synthesis of LiFeP0 4 , various starting 
materials, such as lithium hydroxide, lithium nitrate, lith- 
ium acetate, lithium phosphate, iron (II) phosphate or 10 
iron (if) oxide may be used in addition to the above- 
mentioned compounds. 

[0091] in the following, specified Examples and 
Comparative Examples, embodying the present inven- 
tion, are explained based on the experimental results. 15 

{Experiment 1) 

[0092] In an experiment 1 , in synthesizing LiFeP0 4 
as the positive electrode active material, an Example in 20 
which iron powders were added as a reducing agent to 
the precursor and a Comparative Example in which iron 
powders were not added to the precursor, were synthe- 
sized. Plural non-aqueous electrolyte secondary batter- 
ies, employing these positive electrode active materials, 25 
were prepared, and evaluation was made of difference 
in characteristics of the respective positive electrode 
active materials and the non-aqueous electrolyte sec- 
ondary batteries. 

30 

Example 1 

[0093] First, LiFeP0 4 was synthesized. For synthe- 
sizing LiFeP0 4 , ammonium dihydrogen phosphate 
(NH 4 H 2 P0 4 ) as a starting material of a coarser crystal- 35 
lite size was sufficiently pulverized at the outset Then, 
iron powders (Fe), iron oxalate dihydride 
(FeC 2 0 4 -2HO), ammonium dihydrogen phosphate 
(NH 4 H 2 P0 4 ) and lithium carbonate (Li 2 C0 3 ) were 
mixed together to a molar ratio of 0.4: 1 .6: 2: 1 for thirty 40 
minutes in a mortar to give a precursor. This precursor 
then was calcined in a nitrogen atmosphere at 300°C for 
12 hours. The so-calcined precursor was sintered in the 
nitrogen atmosphere at 600°C for 24 hours to synthe- 
size LiFeP0 4 . 45 
[0094] The so-prepared LiFeP0 4 was used as the 
positive electrode active material to prepare a battery. 
70 wt% of dried LiFeP0 4 , as the positive electrode 
active material, 25 wt% of acetylene black, as an electri- 
cally conductive materia!, and 5 wt% of polyvinyiidene so 
fluoride, as a binder, were evenly mixed into dimethyl 
formamide as a solvent to prepare a paste-like positive 
electrode mixture. Meanwhile, #1300 manufactured by 
Aidrich Inc. was used as the polyvinyiidene fluoride. 
This positive electrode mixture was applied to an alumi- 55 
num mesh, as a current collector, and dried in situ in a 
dry argon atmosphere at 100°C for one hour to form a 
layer of the positive electrode active material. The alu- 



minum mesh, on which the layer of the positive elec- 
trode active material was formed, was punched to a disc 
15.5 mm in diameter to form a pellet-like positive elec- 
trode. Meanwhile, this positive electrode carries 60 mg 
of the active material. 

[0095] A metai lithium foil was punched to substan- 
tially the same shape as the positive electrode and used 
as a negative electrode. In a mixed solvent of equal 
parts in volume of propylene carbonate and dimethyl 
carbonate was dissolved LiPF 6 at a concentration of 1 
mol/l to prepare a non-aqueous electrolytic solution. 
[0096] The positive electrode, prepared as 
described above, was accommodated in the positive 
electrode can, whilst the negative electrode was accom- 
modated in the negative electrode can and the separa- 
tor was arranged between the positive electrode and the 
negative electrode. The non-aqueous electrolytic solu- 
tion was charged into the positive electrode can and the 
negative electrode can. The electrode cans 3, 5 are 
caulked fixedly through the insulating gasket 7 to com- 
plete a 2025 type coin-shaped test cell. 

Example 2 

[0097] LiFeP0 4 was prepared in the same way as 
in Example 1 , except using iron acetate in place of iron 
oxalate as the starting material for synthesis and mixing 
iron powders (Fe), iron acetate (FeCH 3 COO) 2 ), ammo- 
nium dihydrogen phosphate (NH 4 H 2 P0 4 ) and lithium 
carbonate (Li 2 C0 3 ) to a molar ratio of 0.2: 1 .8: 2: 1 . The 
so-produced LiFeP0 4 was used as the positive elec- 
trode active material to prepare a test cell. 

Comparative Example 1 

[0098] LiFeP0 4 was prepared in the same way as 
in Example 1, except adding no reducing agent and 
mixing iron oxalate dihydride (FeC 2 04 • 2H 2 0), ammo- 
nium dihydrogen phosphate (NH 4 H 2 P0 4 ) and lithium 
carbonate (Li 2 C0 3 ) to a molar ratio of 2: 2: 1. The so- 
produced UFeP0 4 was used as the positive electrode 
active material to prepare a test cell. 
[0099] Then, measurement was made of the pow- 
der X-ray diffraction pattern of the LiFeP0 4 prepared by 
the above-described method. The measurement condi- 
tions of the powder X-ray diffraction were as follows: 

apparatus used: RIGAKU RINT 2500 rotary coun- 
ter pair negative electrode 

goniometer: vertical type standard, radius 185 mm 
counter monochromator: used 
filter: not used 
slit width 
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divergent slit (DS) = 1° 

receiving slit (RS) = 1 0 

scattering slit (SS) = 0.15 mm 

counter device: scintillation counter 

measurement method: reflection method, continu- 
ous scan 

scanning range: 29 = 1 0° to 80° 

scanning speed: 4°/minute 

[0100] The powder X-ray diffraction pattern of 
LiFeP0 4 , synthesized in Example 1, is shown in Fig.2, 
from which it is seen that a single-phase LiFeP0 4 has 
been obtained since the presence of the impurity other 
than LiFeP0 4 is not confirmed in the product. 
[0101] The precursor was sintered at plural temper- 
ature points in a range from 320°C to 850°C to prepare 
LiFeP0 4 in a similar manner. It was found that there was 
no impurity in LiFeP0 4 synthesized in the range from 
320°C to 850°C so that a single-phase LiFeP0 4 has 
been obtained. 

[0102] On the other hand, the presence of the impu- 
rity other than LiFeP0 4 was not noticed in the product 
synthesized in Example 2 from the powder X-ray diffrac- 
tion pattern of LiFeP0 4 synthesized in Example 2, thus 
testifying to the generation of the single-phase 
LiFeP0 4 . 

[0103] The powder X-ray diffraction pattern of 
LiFeP0 4 , synthesized in Comparative Example 2, is 
shown in Fig. 3, from which it is seen that impurities 
other than LiFeP0 4 are present in the product such that 
no single-phase LiFeP0 4 has been yielded. Meanwhile, 
in Fig.3, a peak attributable to the impurity is marked 
with an asterisk *. This impurity is presumably a trivalent 
iron compound, such as Fe 2 0 3 . 

[0104] The test cells, prepared as described above, 
were subjected to the charging/discharging test, in 
which each test cell was charged by constant current 
charging and, when the battery voltage reached 4.5V, 
the charging system was switched from the constant 
current charging to constant voltage charging, and 
charging was carried out as the voltage of 4.5 V was 
kept. The charging was stopped when the current fell 
below 0.01 mA/cm 2 The discharging then was carried 
out and stopped at a time point when the battery voltage 
was lowered to 2.0 V. Meanwhile, charging/discharging 
was carried cut at ambient temperature (23°C), with the 
current density at this time being 0.12 mA/cm 2 . 
[0105] The charging/discharging characteristics of 
the battery of Example 1 are shown in Fig. 4, from which 
it is seen that the battery of Example 1 showed a flat 
potential in the vicinity of 3.4 V, thus indicating that the 
high reversible charging/discharging capacity of 163 



mAh/g, which is close to the theoretical capacity of 170 
mAh/g, is being produced. 

[0106] The relation between the number of cycles 
and the charging/discharging capacity of the battery of 
5 Example 1 is shown in Fig. 5, from which it is seen that 
the battery of the Example 1 undergoes cyclic deteriora- 
tion as low as 0. 1 %/cycle, thus demonstrating stable 
battery characteristics. 

[0107] The charging/discharging characteristics of 

10 the battery of Comparative Example 1 are shown in 
Fig. 6. The relation between the number of cycles and 
the charging/discharging capacity of the battery of 
Comparative Example 1 is shown in Fig. 7. From Figs. 6 
and 7, it may be seen that the battery of Comparative 

15 Example 1 is satisfactory in cyclic characteristics, how- 
ever, the battery of Comparative Example 1 suffers from 
significant capacity loss at an initial stage, with the 
charging/discharging efficiency being low. 
[0108] Thus, it may be seen that, by adding a reduc- 

20 ing agent to the precursor in synthesizing LiFeP0 4 , 
Fe 2+ in the precursor may be prevented from being oxi- 
dized by the residual oxygen to become Fe 3+ to give a 
single-phase LiFeP0 4 . The battery employing this sin- 
gle-phase LiFePQ 4 as the positive electrode active 

25 material is superior in charging/discharging characteris- 
tics and in cyclic characteristics. 

(Experiment 2) 

30 [0109] In this experiment 2, in synthesizing 
LiFeP0 4 as the positive electrode active material, an 
Example in which a precursor was de-aerated, and a 
Comparative Example in which iron powders were not 
added, were synthesized, and plural non-aqueous elec- 

35 troiyte secondary batteries employing these positive 
electrode active materials were prepared. Of the 
respective positive electrode active materials and the 
non-aqueous electrolyte secondary batteries, the differ- 
ence in characteristics was evaluated. 

40 

Ex ample 3 

[0110] First, LiFeP0 4 was synthesized. For synthe- 
sizing UFeP0 4 , ammonium dihydrogen phosphate 

45 (NH 4 H 2 P0 4 ) as a starting material of a coarser crystal- 
lite size was sufficiently pulverized at the outset. Then, 
iron acetate (FeCH 3 COO) 2 ), ammonium dihydrogen 
phosphate (NH 4 H 2 P0 4 ) and lithium carbonate (Li 2 C0 3 ) 
were mixed together to a molar ratio of 2: 2: 1 for thirty 

so minutes in a mortar to give a precursor. 

[0111] This precursor then was charged into an 
electrical oven and, after the atmosphere was replaced 
by vacuum, a nitrogen gas was introduced into the 
oven. This precursor was calcined in a nitrogen atmos- 

55 phere at 300°C for 12 hours, after which the precursor 
was sintered in the nitrogen atmosphere at 600°C for 24 
hours to synthesize LiFeP0 4 . 

[0112] The so-prepared LiFePQ 4 was used as a 
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positive electrode active material o produce a test ceil in 
the same way as in Example 1 . 

Example 4 

[0113] First, LiFeP0 4 was synthesized. For synthe- 
sizing LiFeP0 4 , ammonium dihydrogen phosphate 
(NH 4 H 2 P0 4 ) as a starting material of a coarser crystal- 
lite size was sufficiently pulverized at the outset Then, 
iron acetate (FeCH 3 COO) 2 ), ammonium dihydrogen 
phosphate (NH^PC^) and lithium carbonate (U ? C0 3 ) 
were mixed together to a molar ratio of 2: 2: 1 for thirty 
minutes in a mortar to give a precursor. The resulting 
mixture was further mixed for 48 hours, using zirconia 
balls 2mm in diameter, with water as a solvent. 
[0114] This mixture then was dried to a clayey state, 
afer which the mixture was sintered in a nitrogen stream 
in an electrical oven at 120°C to remove residual water 
to produce a precursor with high homogeneity This pre- 
cursor then was calcined at 300°C for 12 hours in a 
nitrogen atmosphere and further sintered in the nitrogen 
atmosphere at 600°C for 24 hours to synthesize 
LiFeP0 4 . 

[0115] Using the so-prepared LiFeP0 4 as the posi- 
tive electrode active material, a test cell was prepared 
as in Example 1 . 

Exam ple 5 

[0116] First, LiFeP0 4 was synthesized. For synthe- 
sizing LiFeP0 4) ammonium dihydrogen phosphate 
(NH 4 H 2 P0 4 ) as a starting material of a coarser crystal- 
lite size was sufficiently pulverized at the outset. Then, 
iron acetate (FeCH 3 COO) 2 ), ammonium dihydrogen 
phosphate (NH 4 H 2 P0 4 ) and lithium carbonate (Li 2 CO s ) 
were mixed together to a molar ratio of 2: 2: 1 for thirty 
minutes in a mortar to give a precursor. The resulting 
mixture was further mixed for 48 hours, using zirconia 
balls 2 mm in diameter with ethanol as a solvent 
[01 17] This mixture then was dried to a clayey state, 
after which the mixture was sintered in a nitrogen 
stream in an electrical oven at 120°C to remove residual 
ethanol to produce a precursor with extremely high 
homogeneity. This precursor then was calcined at 
300°C for 12 hours in a nitrogen atmosphere and further 
sintered in the nitrogen atmosphere at 600°C for 24 
hours to synthesize LiFeP0 4 . 

[01 1 8] Using the so-prepared LiFeP0 4 as the posi- 
tive electrode active material, a test cell was prepared 
as in Example 1. 

[01 19] First, LiFeP0 4 was synthesized. For synthe- 
sizing LiFeP0 4 , ammonium dihydrogen phosphate 
(NH4H2PO4) as a starting material of a coarser crystal- 
lite size was sufficiently pulverized at the outset Then, 
iron acetate (FeCH 3 COO) 2 ), . ammonium dihydrogen 



phosphate (NH 4 H 2 P0 4 ) and lithium carbonate (Li 2 C0 3 ) 
were mixed together to a molar ratio of 2: 2: 1 for thirty 
minutes in a mortar to give a precursor. The resulting 
mixture was further mixed for 48 hours, using zirconia 

5 bails 2 mm in diameter, with acetone as a solvent. 

[01 20] This mixture then was dried to a clayey state, 
after which the mixture was sintered in a nitrogen 
stream in an electrical oven at 120 C C to remove residual 
acetone to produce a precursor with high homogeneity. 

10 This precursor then was calcined at 300"C for 12 hours 
in a nitrogen atmosphere and further sintered in the 
nitrogen atmosphere at 600°C for 24 hours to synthe- 
size UFeP0 4 . 

[0121] Using the so-prepared LiFeP0 4 as the posi- 
15 five electrode active material, a test ceil was prepared 
as in Example 1. 

Co mparat ive Exampie 2 

20 [0122] First, LiFeP0 4 was synthesized. For synthe- 
sizing LiFeP0 4 , iron acetate (FeCH 3 COO) 2 ), ammo- 
nium dihydrogen phosphate (NH 4 H 2 P0 4 ) and lithium 
carbonate (U 2 C0 3 ) were mixed together to a molar ratio 
of 2: 2: 1 for thirty minutes in a mortar to give a precur- 

25 sor. The resulting precursor was calcined at 300°C for 
12 hours in a nitrogen atmosphere and further sintered 
in the nitrogen atmosphere at 600°C for 24 hours to syn- 
thesize LiFeP0 4 . Using the so-prepared LiFeP0 4 as the 
positive electrode active material, a test cell was pre- 

30 pared as in Example 1. 

[0123] Of the LiFeP0 4> synthesized as described 
above, measurement was made of the powder X-ray dif- 
fraction pattern under the above-mentioned measure- 
ment conditions. 

35 [0124] Fig. 8 shows the powder X-ray diffraction pat- 
tern of LiFeP0 4 , synthesized in Example 3. It is seen 
from Fig.fi that no impurity other than LiFeP0 4 was con- 
firmed to exist in the product so that the single-phase 
LiFeP0 4 has been produced. 

40 [0125] Also, from the powder X-ray diffraction pat- 
tern of LiFeP0 4 , synthesized in Examples 4 to 6, no 
impurity other than LiFeP0 4 was confirmed to exist in 
the product, so that, in these Examples, the single- 
phase UFeP0 4 has been produced. 

45 [0126] The powder X-ray diffraction pattern of 
LiFeP0 4 , synthesized in Comparative Example 2, is 
shown in Fig. 9, from which it is seen that impurities 
other than LiFeP0 4 are present in the product such that 
no single-phase LiFeP0 4 has been yielded. Meanwhile, 

50 in Fig.3, the peak attributable to the impurity is marked 
with an asterisk *. This impurity is presumably a trivalent 
iron compound, such as Fe 2 0 3 . 

[01 27] The test ceils, preparea as described above, 
were subjected to the charging/discharging test, using 
55 the same method as stated in Experiment 1 . 

[0128] Of the battery of Exampie 3, the charg- 
ing/discharging characteristics for the first to third cycles 
are shown in Fig. 10, from which it is seen that the bat- 
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tery of Example 3 showed a flat potential in the vicinity 
of 3.4 V, thus indicating that the battery has a high 
reversible charging/discharging capacity of 163 mAh/g, 
which is close to the theoretical capacity of 170 mAh/g. 
[0129] The relation between the number of cycles 
and the charging/discharging capacity of the battery of 
Example 3 is shown in Fig. 1 1 , from which it is seen that 
the battery of the Example 3 undergoes cyclic deteriora- 
tion as low as 0.1%/cycie, thus demonstrating stable 
battery characteristics. 

[0130] Similarly to the battery of Example 3, the 
batteries of Examples 4 to 6 were confirmed to exhibit a 
high charging/discharging capacity and superior cyclic 
characteristics. 

[0131] Test cells were prepared in the same way as 
in Example 6 except changing the sintering temperature 
of the precursor to check into the charging/discharging 
capacity of the cells. The relation between the sintering 
temperature of the precursor and the charging/dis- 
charging capacity of the cells is shown in Fig. 12, from 
which it is seen that, by synthesizing LiFeP0 4 at a tem- 
perature not lower than 350C and not higher than 
790°C, a high capacity exceeding 120 mAh/g of a con- 
ventional non-aqueous electrolyte secondary battery 
can be achieved. 

[0132] The charging/discharging characteristics of 
the battery of Comparative Example 2 are shown in 
Fig.13. The relation between the number of cycles and 
the charging/discharging capacity of the battery of 
Comparative Example 2 is shown in Fig. 14. It is seen 
from Figs. 13 and 14 that the battery of Comparative 
Example 2 is satisfactory in the cyclic characteristics, 
however, it is high in capacity loss in an initial state and 
low in the charging/discharging efficiency. 
[0133] Thus, it is seen that, by de-aerating the pre- 
cursor in synthesizing LiFeP0 4 , it is possible to prevent 
Fe 2+ in the precursor from being oxidized with residual 
oxygen to Fe 3+ to yield single-phase LiFeP0 4 . It is also 
seen that the battery employing this single-phase 
LiFeP0 4 as the positive electrode active material is 
superior in charging/discharging characteristics and 
cyclic characteristics. 

(Experiment 3-1) 

[0134] In an experiment 3-1, a variety of positive 
electrode active materials, containing LiFePG 4 or 
LiFe 05 Mn 05 PO4, were synthesized, and non-aqueous 
electrolyte secondary batteries, employing these posi- 
tive electrode active materials, were prepared, and eval- 
uation was made of the difference in characteristics of 
these non-aqueous electrolyte secondary batteries. 

Examp le 7 

[0135] An LiFeP0 4 carbon compound material 
composed of LiFe P0 4 as a positive electrode active 
material and carbon as an electrically conductive mate- 



rial was synthesized and, using this compound material, 
non-aqueous electrolyte secondary batteries were pre- 
pared. 

[0136] First, iron oxalate dihydride 

5 (FeC 2 04-2H 2 0), ammonium dihydrogen phosphate 
(NH 4 H 2 P0 4 ) and lithium carbonate (Li 3 C0 3 ) were 
mixed to a molar ratio of 2: 2: 1 and thoroughly pulver- 
ized and mixed by a ball mill. The resulting mixture was 
calcined in a nitrogen atmosphere at 300 °C for two 
10 hours to yield a precursor. This precursor and graphite 
were mixed to a weight ratio of 90:10 and pulverized 
sufficiently by a bail mill for mixing. The precursor then 
was sintered in a nitrogen atmosphere at 550 D C for 24 
hours to synthesize an LiFeP0 4 carbon compound 
is material. 

[0137] A battery was prepared, using the LiFeP0 4 
carbon compound material, obtained as described 
above, as a positive electrode active material first, 97 
wt% of the dried LiFeP0 4 carbon compound material 

20 and 3 wt% of polyvinylidene fluoride, as a binder, were 
evenly mixed into N-methyl pyrrolidone as a solvent to 
prepare a paste-like positive electrode mixture. Mean- 
while, #1300 manufactured by Aldrich inc. was used as 
the polyvinylidene fluoride. This positive electrode mix- 

25 ture was applied to an aluminum mesh, as a current col- 
lector, and dried in situ in a dry argon atmosphere at 
1 00°C for one hour to form a layer of the positive elec- 
trode active material. The aluminum mesh, on which the 
layer of the positive electrode active material was 

30 formed, was punched to a disc 15.5 mm in diameter to 
form a pellet-like positive electrode. Meanwhile, this 
positive electrode carries 60 mg of the active material. A 
metal lithium foil was punched to substantially the same 
shape as the positive electrode and used as a negative 

35 electrode. In a mixed solvent of equal parts in volume of 
propylene carbonate and dimethyl carbonate was dis- 
solved LiPF 6 at a concentration of 1 mol/l to prepare a 
non-aqueous electrolytic solution. 
[0138] The positive electrode, prepared as 

40 described above, was accommodated in the positive 
electrode can, whilst the negative electrode was accom- 
modated in the negative electrode can and a separator 
was arranged between the positive electrode and the 
negative electrode. The non-aqueous electrolytic solu- 

45 tion was charged into the positive electrode can and the 
negative electrode can. The electrode cans 3, 5 are 
caulked fixedly through the insulating gasket 7 to com- 
plete a 2025 type coin-shaped non-aqueous electrolyte 
secondary battery as a test cell. 

50 

[0139] An LiFeP0 4 precursor was prepared in the 
same way as in Example 7. A LtFePC 4 carbon com- 
55 pound material was prepared in the same way as in 
Example 7 except mixing this precursor, graphite and 
acetylene black together to a weight ratio of 90: 5: 5 and 
sufficiently pulverizing the mixture by a ball mill for mix- 
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mg. 

[0140] Using the UFeP0 4 carbon compound mate- 
rial, obtained as described above, as a positive elec- 
trode active material a test eel! was prepared in the 
same way as in Example 7. 5 

Ex ample 9 

[0141] A LiFe 0 s Mn 0 5 P0 4 carbon compound mate- 
rial was prepared as the positive electrode active mate- ic 
rial and a test cell was prepared using the 
LiFe 0 5 iv1n 0 S P0 4 carbon compound material as the 
positive electrode active material. 
[0142] First, iron oxalate dihydride 
(FeC P 0 4 -2H ? 0), manganese acetate tetrahydride 75 
(Mn(CH 3 OG) 2 ), ammonium dihydrogen phosphate 
(NH4H0PO4) and lithium carbonate (Li 2 C0 3 ) were 
mixed together to a molar ratio of 1 : 1 : 2: 1 . The result- 
ing mixture was sufficiently pulverized by a ball mill for 
mixing. The resulting mixture was calcined in a nitrogen 20 
atmosphere at 300°C for two hours give a precursor 
This precursor was mixed with graphite and acetylene 
black to give a weight ratio of 90 : 6: 4 and sufficiently 
pulverized by a ball mill for mixing. The so-calcined pre- 
cursor was sintered in the nitrogen atmosphere at 25 
450°C for 24 hours to synthesize the LiFe 0 5 Mn 0 5 P0 4 
carbon compound material. 

[0143] Using the LiFe 0 5 Mn 0 5PO4 carbon com- 
pound material, obtained as described above, as a pos- 
itive electrode active material, a test cell was prepared 30 
in the same way as in Example 7. 

Compar ative Example 3 

[0144] As Comparative Example 3, LiFeP0 4 was 35 
synthesized as a positive electrode active material and 
a test cell was fabricated using LiFeP0 4 as the positive 
electrode active material. 

[0145] First, iron oxalate dihydride 
(FeC 2 G 4 • 2H 2 0), ammonium dihydrogen phosphate 40 
(NH 4 H ? P0 4 ) and lithium carbonate (Li 2 C0 3 ) were 
mixed to a molar ratio of 2: 2: 1 and thoroughly pulver- 
ized and mixed by a ball mill. The resulting mixture was 
calcined in a nitrogen atmosphere at 300°C for two 
hours to yield a precursor. This precursor was sintered 45 
in a nitrogen atmosphere at 550°C for 24 hours to syn- 
thesize LiFeP0 4 . 

[0146] A battery was prepared, using the LiFeP0 4 , 
obtained as described above, as a positive electrode 
active materia!. First, 87 wt% of the dried LiFeP0 4 , 10 50 
wt% of graphite, as an electrically conductive agent, 
and 3 wt% of poiyvinylidene fluoride, as a binder, were 
evenly mixed into N-methyl pyrrolidone as a solvent to 
prepare a paste-like positive electrode mixture. Mean- 
while, #1300 manufactured by Aldrich Inc. was used as 55 
the poiyvinylidene fluoride. This positive electrode mix- 
ture was applied to an aluminum mesh, as a current col- 
lector, and dried in situ in a dry argon atmosphere at 



100°C for one hour to form a layer of the positive elec- 
trode active material. The aluminum mesn, on which the 
layer of the positive electrode active material was 
formed, was punched to a disc 15.5 mm in diameter to 
form a pellet-like positive electrode. Meanwhile, this 
positive electrode carries 60 mg of the active material. A 
metal lithium foil was punched to substantially the same 
shape as the positive electrode and used as a negative 
electrode. In a mixed solvent of equal parts in volume of 
propylene carbonate and dimethyl carbonate was dis- 
solved LiPF 6 at a concentration of 1 moi/l to prepare a 
non-aqueous electrolytic solution. 
[0147] The positive electrode, prepared as 
described above, was accommodated in the positive 
electrode can, whilst the negative electrode was accom- 
modated in the negative electrode can and a separator 
was arranged between the positive electrode and the 
negative electrode. The non-aqueous electrolytic solu- 
tion was charged into the positive electrode can and the 
negative electrode can. The positive and negative elec- 
trode cans were caulked fixedly through the insulating 
gasket 7 to complete a 2025 type coin-shaped non- 
aqueous electrolyte secondary battery. 
[0148] Of the compound samples, synthesized in 
the Examples 7 to 9, and LiFeP0 4 , prepared in the 
Comparative Example 3, the powder X-ray diffraction 
pattern was measured under the same measurement 
conditions shown in Experiment 1 above. The meas- 
ured results of the powder X-ray diffraction are shown in 
Figs. 15 to 18. 

[0149] The powder X-ray diffraction pattern of 
LiFeP0 4 , synthesized in Example 7, is shown in Fig. 15, 
from which it is seen that no impurities other than 
LiFeP0 4 are confirmed in the product such that the 
product yielded is single-phase LiFeP0 4 . Meanwhile, in 
Fig. 3, the peak attributable to the impurity is marked 
with an asterisk *. 

[01 50] The precursor was sintered at plural temper- 
ature points in a range from 320°C to 850°C to prepare 
the LiFePQ 4 carbon compound material in the same 
manner as in Example 7. it was found that there was no 
impurity present in the LiFeP0 4 carbon compound 
material thus testifying to the yielding of the single- 
phase LiFePQ 4 . 

[0151] The powder X-ray diffraction pattern of the 
LiFePQ 4 carbon compound material synthesized in 
Example 8 is shown in Fig. 16, from which it is seen that 
the presence of impurities other than LiFeP0 4 is not 
confirmed in the product, except the diffraction peak of 
graphite at approximately 26°, thus testifying to the 
yielding of the single-phase LiFeP0 4 . In Fig. 16, the 
peak attributable to graphite is indicated by an asterisk 

[0152] The powder X-ray diffraction pattern of the 
LiFe 0 £ Mn 0 5 P0 4 carbon compound material, synthe- 
sized in Example 9 S is shown in Fig.9. The powder X-ray 
diffraction patterns of the UFe 0 5 Mn 0 5 P0 4 carbon com- 
pound materials, synthesized with the sintering temper- 
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atures of 500°C, 600°C and 700°C, are also shown in 
Fig. 17. It may be seen from Fig. 17 that, in the 
UFe 0 5 Mn 0 5 P0 4 carbon compound materials, synthe- 
sized at several temperature points in the range from 
450°C to S50°C, the presence of impurities other than 5 
LiFeP0 4 is not confirmed, except the diffraction peak of 
graphite at approximately 26°. thus testifying to the 
yielding of the single-phase LiFeP0 4 . In Fig. 16, the 
peak attributable to graphite is indicated by an asterisk 

w 

[0153] The powder X-ray diffraction pattern of 
LiFeP0 4 , synthesized in Comparative Example 3, is 
shown in Fig.1 8, from which it is seen that no impurities 
other than LiFeP0 4 are confirmed to exist in the product 
such that the product yielded is single-phase LiFeP0 4 . 15 
[0154] The following charging/discharging test was 
conducted on the test cells of the Examples 7 to 9 and 
the Comparative Example 3, prepared as described 
above, to evaluate battery characteristics. 
[0155] As this charging/discharging test, each test 20 
ceil was charged by constant current charging and, 
when the battery voltage reached 4.5V, the charging 
system was switched from the constant current charg- 
ing to constant voltage charging, and charging was car- 
ried out as the voltage of 4.5 V was kept The charging 25 
was stopped when the current fell below 0.05 mA/cm 2 . 
The discharging then was carried out and stopped at a 
time point when the battery voltage was lowered to 2.0 
V. 

[0156] Both charging and discharging were carried 30 
out at ambient temperature (25°C) and, in evaluating 
charging/discharging characteristics, the current den- 
sity was set to 0.12 mA/cm 2 . In evaluating load charac- 
teristics, the charging/discharging test was conducted 
under various different current densities. The results of 35 
the above charging/discharging test are shown in 
Figs. 19 to 23. 

[0157] Of the battery of Example 7, the charg- 
ing/discharging characteristics for the first to third cycles 
are shown in Fig. 19, from which it is seen that the bat- 40 
tery of Example 7 showed a flat potential in the vicinity 
of 3.4 V, thus indicating that the battery has a high 
reversible charging/discharging capacity of 155 mAh/g, 
which is close to the theoretical capacity of 1 70 mAh/g. 
[0158] The relation between the number of cycles 45 
and the charging/discharging capacity of the battery of 
Example 7 is shown in Fig. 20, from which it is seen that 
the battery of the Example 7 undergoes cyclic deteriora- 
tion as low as 0.1%/cycie, thus demonstrating stable 
battery characteristics. 5a 
[0159] The load characteristics of the battery of 
Example 8 are shewn in Fig. 21, from which it is seen 
that, if charged/discharged at 0.2 mA, the battery of 
Example 8 gives a high capacity of 1 63 mAh/g, and that 
the reversible charging/discharging capacity for the 55 
charging/discharging current density of 2 mA/cm 2 is 
kept at 93% of that for the charging/discharging current 
density of 0.2 mA/cm 2 . 



[0160] The charging/discharging characteristics of 
the battery of Example 9 are shown in Fig.22, from 
which it is seen that the battery of Example 9 has the 
reversible charging/discharging capacity of 146 mAh/g 
close to the theoretical capacity of 1 70 mAn/g, with the 
average discharging potential being 3.58 V. 
[0161] The load characteristics of the batteries of 
Example 7 and Comparative Example 3 are shown in 
Fig.23 f from which it is seen that the reversible charg- 
ing/discharging capacity for the charging/discharging 
current density of 1 mA/cm 2 is kept at 90% of that for the 
charging/discharging current density of 0.2 mA/cm 2 . In 
the battery of the Comparative Example 3, the same 
amount of graphite as that used as the electrically con- 
ductive agent in Example 7 is added as the electrically 
conductive agent in the positive electrode mixture. How- 
ever, the battery of the Comparative Example 3 is low in 
battery capacity and inferior in load characteristics as 
compared to the battery of Example 7. 
[0162] The charging/discharging curve of the bat- 
tery employing LiFe 0 5 Mn 0 5 P0 4 solely as the positive 
electrode mixture according to the teaching of the publi- 
cation J. Eiectroche. Soc. 144,1188 (1997), is shown in 
Fig.1l. Meanwhile, the battery employing 
LiFe 05 Mn 05 PO 4 solely as the positive electrode mix- 
ture is the battery of Comparative Example 4. It is seen 
from Fig. 24 that the battery of the Comparative Exam- 
pie 4 has the battery capacity was low as 75 mAh/g. 
[0163] The above results indicate that the batteries 
of Examples 7 and 8 are non-aqueous electrolyte sec- 
ondary batteries containing LiFP0 4 and carbon as the 
positive electrode active material and as the electrically 
conductive material, respectively, and hence are supe- 
rior in load characteristics and of high capacity as com- 
pared to the battery o the Comparative Example 3 
employing solely the compound of the general formula 
LiFePQ 4 as the positive electrode mixture. On the other 
hand, the battery of Example 9 is the non-aqueous elec- 
trolyte secondary battery containing LiFeP0 4 and car- 
bon as the positive electrode active material and as the 
electrically conductive material, respectively, and hence 
is superior in load characteristics and of high capacity 
as compared to the battery of the Comparative Example 
4 containing solely the compound represented by the 
general formula LiFeP0 4 and carbon as the compound 
sample as the positive electrode active material and as 
the electrically conductive agent, respectively. 
[0164] ft is also seen from Figs.23 and 21 that, on 
comparing Examples 7 and 8, the battery of Example 8 
is superior in load characteristics to the battery of Fig. 7 
in which graphite alone is added to the precursor From 
this it is seen that, with the non-aqueous electrolyte sec- 
ondary battery, load characteristics may be improved by 
employing graphite and acetylene black in combination 
as carbon in synthesizing the positive electrode active 
material. 

[0165] Comparison of the Examples 7 and 8 in 
Figs. 1 9 and 22 also reveals that the battery of Example 
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*»■ 9 has a higher value of the discharging potential. Form 
this it is seen that, by employing the LiFe 0 5 Mn 0 5 P0 4 
carbon compound material as the positive electrode 
active material, it is possible to realize a non-aqueous 
electrolyte secondary battery of higher capacity and 5 
higher voltage value. 

(Experiment 3-2) 

[0166] In the experiment 3-2, a variety of positive 
electrode active materials containing LiMnPO/i were 
synthesized and non-aqueous electrolyte secondary 
batteries containing these positive electrode active 
materials were prepared, and evaluation was made of 
difference in characteristics of the respective non-aque- 
ous eiectrolyte secondary batteries. 

Exa mple 10 

[0167] As a positive electrode active materia!, 
LiFeP0 4 carbon compound material was synthesized 
and a test cell containing the LiFeP0 4 carbon com- 
pound materia! as the positive electrode active material 
was prepared. 

[0168] First, manganese carbonate (MnC0 3 ), 25 
ammonium dihydrogen phosphate (NH 4 H 2 P0 4 ) and 
lithium carbonate (Li 2 C0 3 ) were mixed to a molar ratio 
of 2: 2: 1 and thoroughly pulverized and mixed by a ball 
mill. The resulting mixture was calcined in a nitrogen 
atmosphere at 2B0 < -C for three hours to yield a precur- 30 
sor. This precursor and acetylene black were mixed to a 
weight ratio of 95:5 and pulverized sufficiently by a ball 
mill for mixing. The precursor then was sintered in a 
nitrogen atmosphere at 600°C for 24 hours to synthe- 
size an LiFeP0 4 carbon compound material. 35 
[0169] A battery was prepared, using the LiFeP0 4 , 
obtained as described above, as a positive electrode 
active material. First, 97 wt% of the dried LiFeP0 4 car- 
bon compound materia), 10 wt% of graphite, and 3 wt% 
of polyvinyiidene fluoride, as a binder, were evenly 40 
mixed into N-methyl pyrrolidone as a solvent to prepare 
a paste-like positive electrode mixture. Meanwhile, 
#1300 manufactured by Aidrich Inc. was used as the 
polyvinyiidene fluoride. This positive electrode mixture 
was applied to an aluminum mesh, as a current coilec- 45 
tor, and dried in situ in a dry argon atmosphere at 1 00°C 
for one hour to form a layer of the positive electrode 
active material. The aluminum mesh, on which the layer 
of the positive electrode active material was formed, 
was punched to a disc 15.5 mm in diameter to form a 50 
pellet-like positive electrode. Meanwhile, this positive 
eiectrode carries 6C mg of the active material. A metal 
lithium foi ! was punched to substantially the same 
shape as the positive electrode and used as a negative 
electrode. In a mixed solvent of equai parts in volume of 55 
propylene carbonate and dimethyl carbonate was dis- 
solved LiPF 6 at a concentration of 1 mol/l to prepare a 
non -aqueous electrolytic solution. 



[0170] The positive eiectrode, prepared as 
described above, was accommodated in the positive 
electrode can, whilst the negative eiectrode was accom- 
modated in the negative electrode can and a separator 
was arranged between the positive eiectrode and the 
negative electrode. The non-aqueous electrolytic solu- 
tion was charged into the positive electrode can and the 
negative electrode can. The positive and negative eiec- 
trode cans were caulked fixedly through the insulating 



E xample 12 

[0172] The LiFeP0 4 carbon compound material 
was synthesized in the same way as in Example 10 to 
synthesize LiFeP0 4 carbon compound material. Using 
this LtFeP0 4 carbon compound material as the positive 
electrode mixture, a test cell was prepared in the same 
way as in Example 10. 

Comparative Example 5 

[0173] As a positive eiectrode active material, 
LiMnP0 4 was synthesized and a test cell containing the 
LiFePQ 4 carbon compound material as the positive 
electrode active material was prepared. 
[0174] First, manganese carbonate (MnC0 3 ), 
ammonium hydrogen phosphate (NH 4 H 2 P0 4 ) and lith- 
ium carbonate (Li 2 C0 3 ) were mixed to a molar ratio of 2: 
2: 1 and thoroughly pulverized and mixed by a ball mill. 
The resulting mixture was calcined in a nitrogen atmos- 
phere at 300°C for three hours to yield a precursor. This 
precursorthen was sintered in a nitrogen atmosphere at 
600°C for 24 hours to synthesize LiMnP0 4 . 
[0175] For preparing a battery employing LiMnP0 4 , 
obtained as described above, as the positive eiectrode 
active material, a test cell was prepared in the same 
way as in Example 10, except evenly mixing 85 wt% of 
dried LiMnP0 4 as a positive eiectrode mixture, 10 wt% 
of graphite as an electrically conductive agent and 10 
wt% of polyvinyiidene fluoride as a binder, in N-methyi 
pyrrolidone, as a solvent to prepare a paste-like posi- 
tive electrode mixture. 

[0176] Of the compound samples of Examples 10 
to 12, synthesized as described above, and LiMnP0 4 of 
Comparative Example 5, a powder X-ray diffraction pat- 
tern was measured in accordance with the method and 
conditions described above. 



70 gasket 7 to complete a 2025 type coin-shaped non- 
aqueous electrolyte secondary battery. 

Exam p l e 1 1 

15 [0171] An LiFeP0 4 carbon compound material was 
prepared in the same way as in Example 1 0 except mix- 
ing the precursor and acetylene black in a weight ratio of 
90:10. Using this LiFeP0 4 carbon compound material 
as the positive electrode mixture, a test ceil was pre- 
20 pared in the same way as in Example 10. 
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[0177] The powder X-ray diffraction pattern of the 
LiMnP0 4 carbon compound material, synthesized in 
accordance with Examples 10 to 12, is shown in Fig. 25, 
from which it is seen that no impurities other than 
LiMnP0 4 is confirmed to exist in the product, such that 
the product yielded is singte-phase LiFeP0 4 . 
[0178] The powder X-ray diffraction pattern of the 
LiMnP0 4 carbon compound material, synthesized in 
accordance with Comparative Example 5, is shown in 
Fig. 26, from which it is seen that no impurities other 
than LiMnP0 4 is confirmed to exist in the product such 
that.the product yielded is single-phase LiFePOy,. 
[0179] The following charging/discharging test was 
conducted on the test celts of the Example 1 1 and the 
Comparative Example 5, prepared as described above, 
to evaluate battery characteristics. As this charging/dis- 
charging test, each test cell was charged by constant 
current charging with the current of 0.5 mA/cm 2 . When 
the battery voltage reached 4.5V, the charging system 
was switched from the constant current charging to con- 
stant voltage charging, and charging was carried out as 
the voltage of 4.5 V was kept. The charging was 
stopped when the current fell below 0.05 mA/cm 2 The 
discharging then was carried out and stopped at a time 
point when the battery voitage was lowered to 2.0 V. 
[0180] The following charging/discharging test was 
conducted on the test cell of the Example 12, prepared 
as described above, to evaluate battery characteristics. 
As this charging/discharging test, the test cell was 
charged by constant current charging with the current of 
0.5 mA/cm 2 . When the battery voltage reached 4.5V, 
the charging system was switched from the constant 
current charging to constant voltage charging, and 
charging was carried out as the voltage of 4.8 V was 
kept. The charging was stopped when the current fell 
below 0.05 mA/cm 2 . The discharging then was carried 
out and stopped at a time point when the battery voltage 
was lowered to 2.0 V. Meanwhile, the battery charging 
and discharging were carried out at an ambient temper- 
ature (23°C). The results obtained by this charging/dis- 
charging test are shown in Figs. 27 to 29. 
[0181] Fig. 27 shows a graph representing charg- 
ing/discharging characteristics for the battery of Exam- 
ple 11 . It is seen from Fig. 27 that the battery of Fig. 1 1 
has a flat potential in the vicinity of 4V and generates 
the reversible charging/discharging capacity of 113 
mAh/g. On the other hand ; the charging/discharging 
characteristics cf the battery of Example 12 are shown 
in a graph of Fig. 28, from which it is seen that the dis- 
charging voitage is high, with the discharging capacity 
being as large as 120 mAh/g. Conversely, the battery of 
Comparative Example 5 is free of a flat discharging 
area, with there occurring no Mn oxidation. 
[0182] It may be seen from the above results that 
the batteries of Examples 11 and 12 are non-aqueous 
electrolyte secondary batteries obtained by using a syn- 
thesized compound sample composed of LiMnP0 4 as a 
positive electrode mixture and of acetylene black as an 



electrically conductive agent, such that these batteries 
are superior in load characteristics and of high capacity 
as compared to the battery of Comparative Example 5 
employing LiFeP0 4 as the positive electrode active 
5 material. 

[0183] For measuring the volume grain size distri- 
bution of the LiMnP0 4 carbon compound material of 
Examples 1 0 to 1 2 and UMnP0 4 of Comparative Exam- 
ple 5, the scattering of the laser light was measured 

10 using a volume grain size distribution measurement 
device, manufactured by HORIBA SEISAKUSHO CO. 
LTD. under the trade name of Micro-Lack grain size ana- 
lyzer LA-920. The measured results of the volume grain 
size distribution are shown in Fig. 30, from which is seen 

is that the LiMnP0 4 carbon compound material and 
LiMnP0 4 all contain particles not larger than 10 jum. 
[0184] By representing the volume grain size distri- 
bution of the LiMnP0 4 carbon compound material of 
Example 12 by integrated amount of passed grains, it 

20 has been seen that the grain size in its entirety is not 
more than 6 urn. That is, by adding carbon to the syn- 
thetic material of LiMnP0 4 or to the precursor, the grain 
growth of the precursor during the sintering process can 
be suppressed to realize more homogeneous finer com- 

25 pound sample. 

Industrial Applicability 

[0185] As may be seen from the foregoing descrip- 
30 tion, the manufacturing method of the positive electrode 
mixture according to the present invention adds a 
reducing agent to the precursor during the mixing proc- 
ess. Since this prevents the 3d transition metal M in the 
synthetic starting material from being oxidized by resid- 
es ual oxygen, thus yielding a single-phase Li x M y P0 4 free 
of impurities, it is possible to prepare a positive elec- 
trode active material capable of reversibly and satisfac- 
torily doping/undoping lithium. 

[0186] Moreover, in the manufacturing method for 

40 the non-aqueous electrolyte secondary battery accord- 
ing to the present invention, a reducing agent is added 
to the precursor during the mixing process. This pre- 
vents the 3d transition metal M in the synthetic starting 
material from being oxidized by residual oxygen to yield 

45 a single-phase Li x M y P0 4 free of impurities. This 
Li x M y P0 4 renders it possible to produce a non-aqueous 
electrolyte secondary battery of high capacity because 
lithium is diffused sufficiently in the grains. 
[0187] Moreover, with the manufacturing method of 

so the positive electrode active materia! according to the 
present invention, air contained in the precursor is 
removed in the de-aerat^g process. This prevents the 
3d transition metal M in the starting material for synthe- 
sis from being oxidized by residual oxygen to yield sin- 

55 gie-phase Li x M y P0 4 free of impurities, thus enabling the 
manufacture of a positive electrode active material 
capable of reversibly and satisfactorily doping/undoping 
lithium. 
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[0188] Moreover, with the manufacturing method of 
the positive electrode active material according to the 
present invention, air contained in the precursor is 
removed in the de-aerating process in preparing the 
positive eiectrode active material. This prevents the 3d 5 
transition metal M in the starting materia! for synthesis 
from being oxidized by residual oxygen to yield single- 
phase Li y M y P0 4 free of impurities. With this Li x M y P0 4 , 
since lithium diffusion in the particle occurs sufficiently, 
it becomes possible to produce a high-capacity non- 10 
aqueous electrolyte secondary battery. 
[0189] In addition, in the manufacturing method for 
the positive electrode active material according to the 
present invention, an electrically conductive agent is 
added to the starting material for synthesis or to the pre- 15 
cursor of the positive electrode active material. The pos- 
itive electrode active material produced exhibits 
superior load characteristics and electrode molding per- 
formance thus realizing a high capacity. 
[0190] Moreover, in the manufacturing method for 20 
the positive electrode active material according to the 
present invention, an electrically conductive agent is 
added to the starting material for synthesis or to the pre- 
cursor in synthesizing the positive electrode active 
material. Since the positive electrode active material 25 
produced thus exhibits superior load characteristics and 
eiectrode molding performance, the non-aqueous elec- 
trolyte secondary battery produced exhibits high capac- 
ity as the non-aqueous electrolyte secondary battery. 

30 

Claims 

1- A method for producing a positive electrode active 
material comprising: 

35 

a mixing step of mixing a plurality of sub- 
stances to give a precursor, said substances 
proving a starting material for synthesis of a 
compound represented by the genera! formula 
Li x M y P0 4 where x is such that 0 < x < 2, y is 40 
such that 0.8 < y < 1 .2 and M includes at lest 
one of 3d transition metals; and 

a sintering step of sintering and reacting said 
precursor obtained by said mixing step; 45 
wherein a reducing agent is added to said pre- 
cursor in said mixing step. 

2. The method for producing a positive eiectrode 

active material according to claim 1 wherein said so 
Li x M y P0 4 is LiFeP0 4 . 



3. The method for producing a positive electrode 
active material according to claim 2 wherein said 
reducing agent is Fe which is also a part of said 55 
starting material for synthesis. 

4. A method for producing a non-aqueous electrolyte 



secondary battery having a positive electrode con- 
taining a positive electrode active material capable 
of reversibly doping/undoping lithium, a negative 
electrode mounted facing said positive electrode 
and capable of reversibly doping/undoping lithium, 
and a non-aqueous electrolyte interposed between 
said positive eiectrode and the negative electrode, 
said positive eiectrode active material being pro- 
duced by a method comprising: 

a mixing step of mixing a plurality of sub- 
stances to give a precursor, said substances 
proving a starting materia! for synthesis of a 
compound represented by the general formula 
Li x M y P0 4 where x is such that 0 < x < 2, y is 
such that 0.8 < y < 1 .2 and M includes at lest 
one of 3d transition metals; and 

a sintering step of sintering and reacting said 
precursor obtained by said mixing step; 
wherein a reducing agent is added to said pre- 
cursor in said mixing step to prepare said posi- 
tive electrode active material. 

The method for producing a non-aqueous electro- 
lyte secondary battery according to claim 4 wherein 
said Li x M y P0 4 is LiFeP0 4 . 

6. The method for producing a non-aqueous electro- 
lyte secondary battery according to claim 5 wherein 
said reducing agent is Fe which is also a parr Oi' 
said starting material for synthesis. 

7. A method for producing a positive electrode active 
material comprising: 

a mixing step of mixing a plurality of sub- 
stances to give a precursor, said substances 
proving a starting material for synthesis of a 
compound represented by the general formula 
Li x M y P0 4 where x is such that 0 < x < 2, y is 
such that 0.8 < y < .1.2 and M includes at lest 
one of 3d transition metals; 

a de-aerating step of removing air contained in 
said precursor obtained in said mixing step; 

a sintering step of sintering and reacting said 
precursor obtained by said mixing step. 

8. The method for producing a positive eiectrode 
active material according to claim 7 wherein an 
inert gas is introduced after substituting vacuum for 
an atmosphere in said precursor and subsequently 
an inert gas is introduced tc remove air contained in 
said precursor. 

9. The method for producing a positive electrode 
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active material according to claim 7 wherein a sol- 
vent is allowed to co-exist with the precursor in said 
de-aerating step and is vaporized off in said inert 
gas to remove air contained in said precursor. 

10. The method for producing a non-aqueous electro- 
lyte secondary battery according to claim 7 wherein 
said Li x M y PO^ is LiFeP0 4 . 

11. A method for producing a non-aqueous electrolyte 
secondary battery having a positive electrode con- 
taining a positive electrode active material capable 
of reversibly doping/undoping lithium, a negative 
electrode mounted facing said positive electrode 
and capable of reversibly doping/undoping lithium, 
and a non-aqueous electrolyte interposed between 
said positive electrode and the negative electrode, 
said positive electrode active material being pro- 
duced by a method comprising: 

a mixing step of mixing a plurality of sub- 
stances to give a precursor, said substances 
proving a starting material for synthesis of a 
compound represented by the general formula 
Li x M y P0 4 where x is such that 0 < x < 2, y is 
such that 0.8 < y < 1.2 and M includes at least 
one of 3d transition metals; 

a de-aerating step of de-aerating air contained 
in said precursor obtained in said mixing step; 
and 

a sintering step of sintering and reacting said 
precursor obtained in a state free of air by said 
de-aerating step. 

12. The method for producing a non-aqueous electro- 
lyte secondary battery according to claim 1 1 
wherein an inert gas is introduced after substituting 
vacuum for an atmosphere in said precursor and 
subsequently an inert gas is introduced to remove 
air contained in said precursor. 

13. The method for producing a non-aqueous electro- 
lyte secondary battery according to claim 1 1 
wherein a solvent is allowed to co-exist with the pre- 
cursor in said de-aerating step and is vaporized off 
in said inert gas to remove air contained in said pre- 
cursor. 

14. The method for producing a non-aqueous electro- 
lyte secondary battery according to claim 11 
wherein said Li x M y P0 4 is LiFeP0 4 . 

15. A method for producing a positive electrode active 
material comprising; 

a mixing step of mixing a plurality of sub- 



stances to give a precursor, said substances 
proving a starting material for synthesis of a 
compound represented by the general formula 
Li x M y P0 4 where x is such that 0 < x < 2, y is 
5 such that 0.8 < y < 1 .2 and M includes at lest 

one of 3d transition metals; and 

a sintering step of sintering and reacting said 
precursor obtained by said mixing step; 
10 wherein an electrically conductive agent is 

added to said starting material for synthesis or 
said precursor. 

16. The method for producing a positive electrode 
15 active material according to claim 15 wherein said 
electrically conductive agent is added in an amount 
of 0.5 to 20 parts by weight to 1 00 parts by weight 
of said Li x M y P0 4 . 

20 17. The method for producing a positive electrode 
active material according to claim 15 wherein said 
Li x M y P0 4 is LiFeP0 4 . 

18. The method for producing a positive electrode 
25 active material according to claim 15 wherein said 

Li x M y P0 4 is LiFe x Mn 1 _ x P0 4 . 

19. The method for producing a positive electrode 
active material according to claim 15 wherein said 

30 Li x M y P0 4 is Li x Mn y P0 4 where x is such that 0 < x < 

2 and y is such that 0.8 < y < 1 .2. 

20. The method for producing a positive electrode 
active material according to claim 15 wherein said 

35 electrically conductive agent is carbon. 

21. A method for producing a non-aqueous electrolyte 
secondary battery having a positive electrode 
active materia! capable of reversibly doping/undop- 

40 ing lithium, a negative electrode mounted facing 
said positive electrode and capable of reversibly 
doping/undoping lithium, and a non-aqueous elec- 
trolyte interposed between said positive electrode 
and the negative electrode, 

45 wherein said positive electrode active mate- 

rial is synthesized by a mixing step of mixing a plu- 
rality of substances to give a precursor, said 
substances proving a starting material for synthesis 
of a compound represented by the general formula 

so Li x M y P0 4 where x is such that 0 < x < 2, y is such 
that 0.8 < y < 1 .2 and M includes at lest one of 3d 
transition metals and a sintering step of sintering 
and reacting said precursor obtained by said mixing 
step, and wherein an electrically conductive agent 

55 is added to said starting material for synthesis or to 

said precursor to synthesize said positive electrode 
active materia:. 
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22. The method for producing a non-aqueous electro- 
lyte secondary battery according to claim 21 
wherein said electrically conductive agent is added 
in an amount of 0.5 to 20 parts by weight to 100 
parts by weight of said Li x M y P0 4 . 5 

23. The method for producing a non-aqueous electro- 
lyte secondary battery according to claim 21 
wherein said Li x M y PQ 4 is LiFeP0 4 . 

10 

24. The method for producing a non-aqueous electro- 
lyte secondary battery according to claim 21 
wherein said Li x M y P0 4 is LiFe x Mn 1 . x P0 4 . 

25. The method for producing a non-aqueous electro- 15 
lyte secondary battery according to claim 21 
wherein said Li x M y P0 4 is Li x Mn y P0 4 where x is 
such that 0 < x < 2 and y is such that 0.8 < y < 1 .2. 

26- The method for producing a non-aqueous electro- 20 
lyte secondary battery according to claim 21 
wherein said electrically conductive agent is car- 
bon. 

25 
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